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Phthalocyanine samples of ZnPc, H2Pc, and CuPc were investigated with the muon spin rotation technique.
In ZnPc and H2Pc, three muoniated radical states of paramagnetic origin were identified, two of which have
hyperfine interactions in the range 110–150 MHz and correspond to muonium addition at the outer benzene
rings. The third state has a smaller hyperfine interaction about 25 MHz and is tentatively assigned to addition
at bridging nitrogen atoms. CuPc has an unpaired electron from the Cu atom, which originates a diamagneti-
clike signal upon muonium addition. The signal has two components with very different relaxation rates,
corresponding to two different spatial couplings of the Cu electron with the muonium’s electron.
DOI: 10.1103/PhysRevB.73.075209 PACS numbers: 71.55.Ht, 61.72.Ww, 76.75.i
I. INTRODUCTION
Organic semiconductors have been envisaged in recent
years as top candidates for the development of low-cost elec-
tronic and optoelectronic devices.1–3 Research on these com-
pounds has consequently experienced a steep increase, and
many aspects of their structural and transport properties, par-
ticularly of conjugated polymers, have been revealed lately.
Among the nonpolymeric organic semiconductors, phtha-
locyanines Pc are of great interest because of their applica-
tion in solar cells4 and organic displays.5 Phthalocyanines
derive from porphyrins by the addition of benzene rings to
the four pyrrole units along with substitution of the methine
bridges by azamethine ones see Fig. 1. Like what happens
with conjugated polymers, their semiconducting behavior
stems from the intermolecular overlap of the highly delocal-
ized -orbitals formed as a result of the alternate saturated-
unsaturated bond structure of each molecule.
The performance of Pc-based devices is known to be en-
hanced by doping with small organic molecules,6 although
the impact on charge-carrier transport mechanisms is far
from being fully understood. Most of the information avail-
able has been obtained with macroscopic techniques like re-
sistivity or Hall effect measurements, which focus on the
slow components of charge-carrier diffusion.7 Knowledge
obtained with microscopic techniques is fundamental to un-
derstand charge-carrier transport and doping effects in phtha-
locyanines, allowing for a more efficient optimization of de-
vices.
In the present paper we give an account of experimental
results obtained for undoped phthalocyanines with the muon
spin rotation SR technique. Akin to NMR, the SR tech-
nique uses the spin of positive muons implanted in the ma-
terial to probe the local environment,8,9 but has a much
greater sensitivity due to the high degree of initial spin po-
larization of the implanted muons.
SR investigations on conjugated polymers have been re-
ported in the past.10,11 It is generally assumed that the posi-
tive muon captures one electron upon stopping, forming a
neutral system known as muonium Mu. Muonium adds to
unsaturated molecules by breaking double bonds, forming
muoniated radicals. If the radical’s unpaired electron remains
localized near the positive muon, a contact hyperfine field at
the muon exists, and site assignments can be made on the
basis of hyperfine interaction values. Here, we focus our at-
tention on muon site assignments and the local electronic
properties of phthalocyanines in the vicinity of the muon.
These results lay ground for a planned study of charge carrier
transport in doped phthalocyanines.
II. EXPERIMENTAL DETAILS
Three -form phthalocyanine compounds differing on the
central inclusion were studied as representatives of the Pc
family: ZnPc nonmagnetic central atom, Fig. 1, CuPc
magnetic central atom, and H2Pc metal-free phthalocya-
FIG. 1. Molecular structure of zinc phthalocyanine ZnPc. The
possible muon addition sites investigated in this work are indicated
with the Roman numerals I, II and letters a–d. Electronic structure
calculations yield stable positions for sites I and II only see Sec.
IV.
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nine. Samples were prepared from commercially available
material purified with three sublimation steps and pressed
into large polycrystalline pellets 16 mm diameter.
In SR experiments, polarized positive muons with en-
ergy of about 4 MeV are implanted into the sample and
come to rest at around 100 m below the surface. The asym-
metric emission of positrons from the muon decay is re-
corded as a function of time, providing direct information on
the spin precession of the muon under an applied magnetic
field which may have a parallel longitudinal-field geometry
or perpendicular transverse-field geometry direction rela-
tive to the initial muon polarization.8,9 The measurements we
present here were performed in transverse-field geometry
over a broad temperature range 2–600 K with the GPS and
DOLLY spectrometers at the Swiss Muon Source, Paul-
Scherrer Institut. External fields ranging from 0.1 to 0.5 T
were used in order to have all signals from paramagnetic
muoniated radicals in the so-called high-field regime; in this
regime, each different hyperfine interaction A produces one
pair of precession frequencies f12 and f43 which relate with
the Larmor frequency f by f12,43=−f±A /2.8,9
III. RESULTS
In the following, we present the experimental results for
the three phthalocyanines ZnPc, H2Pc, and CuPc separately.
In each case representative SR spectra are displayed and
discussed.
A. ZnPc
Figure 2 shows the Fourier transform SR spectrum of
ZnPc at 0.4 T, 500 K. Besides the Larmor frequency line at
54.2 MHz corresponding to muons in a diamagnetic environ-
ment, three pairs of lines labeled as I, II, and III are visible,
indicating the formation of at least three distinct paramag-
netic radical states. An additional broad distribution of spec-
tral density under the diamagnetic line, which we label as
component IV of the signal, suggests the presence of weak
paramagnetic interactions. Within experimental errors, the
sum of the four paramagnetic components and the small dia-
magnetic contribution is consistent with no missing fraction.
All paramagnetic lines are broadened, presumably due to
the presence of anisotropy in the hyperfine interaction. In
polycrystalline samples, anisotropic interactions lead to a
characteristic frequency distribution with asymmetrically
broadened lines.12 The anisotropy parameter D may be ex-
tracted fitting that distribution,12 but in our case this ap-
proach yielded no conclusive results regarding the values of
D. We therefore fitted the time spectra with a simple Lorent-
zian shape for each pair of paramagnetic lines. In this ap-
proach, the linewidth would be a measure of the hyperfine
interaction’s anisotropy if no dynamics were present, but
since some motional narrowing seems to be present as
hinted by the Lorentzian shape and Fig. 3 further on, it can
in fact be considered only as a rough lower limit of the
anisotropy parameter D.
The Fourier spectrum may be converted to a frequency
pair correlation spectrum13 showing directly the spectral
power of each hyperfine interaction in the signal. This is a
useful tool to visualize data with several components in the
high-field regime, assisting the fits to the time spectra. The
temperature dependence of the paramagnetic states identified
in ZnPc is shown in this way in Fig. 3, where all states are
seen not to ionize within the investigated range. The hyper-
fine interactions of the three states are typical of muoniated
FIG. 2. Fourier power spectrum of ZnPc obtained in transverse
field geometry at 0.4 T, 500 K. The three different pairs of lines
each representing a paramagnetic state are marked by the Roman
numerals I, II, and III. The sharp line at 54.2 MHz corresponds to
muons in a diamagnetic environment. In addition, there is a broad
distribution of frequencies under the diamagnetic line denoted in
the text as component IV.
FIG. 3. Frequency pair correlation spectra of ZnPc at different
temperatures. For states I and II, the dotted vertical lines indicate
the T=0 K values of the hyperfine interactions obtained from the
temperature-activated fit shown in Fig. 4; for state III, the line in-
dicates the fitted hyperfine interaction at 100 K.
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radicals in organic compounds,13 and a shift to lower values
with increasing temperature is observed for states I and II.
The same is seen in the temperature dependence of the hy-
perfine interaction values extracted from the fits to the time
spectra Fig. 4; the shift is well-described by the
temperature-activated function
AT = A0 + A − A0exp− Ea/kT 1
with activation energies Ea
I
=444 meV and Ea
II
=428 meV. The hyperfine interaction of state III exhibits
almost no temperature dependence and does not fit well with
Eq. 1.
B. H2Pc
The four signal components observed in ZnPc are also
seen in H2Pc Fig. 5, but with relative intensities and hyper-
fine interactions slightly different. Again, the full asymmetry
is accounted for within experimental error, the major part
being due to state III. States I and II have a lower intensity,
and their hyperfine interactions are slightly lower than in
ZnPc. Their lines are also harder to resolve and were consid-
ered as a single component in the time fits. The hyperfine
interaction redshift with temperature is also observed, espe-
cially for state III Fig. 6.
C. CuPc
Since CuPc has originally an unpaired electron from the
Cu atom, the addition of muonium is expected to generate a
diamagnetic environment for the muon, as the total number
of electrons in the muoniated molecule becomes even. The
SR spectrum of CuPc Fig. 7 shows indeed a diamagneti-
clike precession signal corresponding to the external mag-
netic field, but more than one relaxation rate is present.
Time-domain fits were carried out with two Lorentzian-
shaped Larmor precession components, one fast and another
slowly relaxing; the fitted relaxation rates are separated by
about two orders of magnitude Fig. 8, upper part, and both
decrease slightly with increasing temperature. Above 200 K
there is a gradual shift of amplitude weight from the fast to
the slow relaxing component Fig. 8, lower part, with the
total amplitude remaining constant at the full asymmetry
value about 18%. Below that temperature, both amplitudes
fall with the appearance of a missing fraction.
IV. DISCUSSION
A. Paramagnetic states: ZnPc, H2Pc
Table I summarizes the information gathered on the para-
magnetic muon states found in ZnPc and H2Pc. States I and
FIG. 4. Temperature dependence of the hyperfine interaction of
states I, II, and III in ZnPc. The solid lines are the fits obtained with
Eq. 1 for states I and II. State III does not fit well that type of
temperature-activated behavior.
FIG. 5. Fourier power spectrum of H2Pc obtained in transverse
field geometry at 0.3 T, 550 K. The same states I, II, and III as in
Fig. 3 are observed here, together with the broad distribution com-
ponent IV under the diamagnetic line at 40 MHz.
FIG. 6. Frequency pair correlation spectra of H2Pc at the mea-
sured temperatures. The dotted vertical lines are mere guides to the
eye taken from the fitted values of the hyperfine interaction at
300 K.
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II are rather well-characterized, but have a small formation
probability less than 30% of the overall muon states; most
radicals are formed in state III, which has a smaller and not
so well-defined hyperfine interaction.
Component IV is taken here as being of paramagnetic
origin, with a very low hyperfine interaction which does not
allow one to resolve its frequency pair from the diamagnetic
signal. Similar low hyperfine interaction states have been
found in other organic compounds,13 attributed to muonium
addition to products from molecule cleavage following the
highly energetic process of muon implantation. This may be
the case of component IV, but we do not rule out the hypoth-
esis that it might be a part of state III’s frequency distribu-
tion, implying that the anisotropic contribution would be the
dominant feature of state III’s hyperfine interaction.
B. Paramagnetic states: Electronic structure calculations
In order to assign the experimentally observed states to
muon addition sites in the molecule, electronic structure cal-
culations using density-functional theory were performed on
the geometry and hyperfine properties of Mu adducts to iso-
lated ZnPc and H2Pc molecules. All tasks were implemented
in GAUSSIAN 98.14 Carbon and nitrogen atoms were described
using the combination of pseudopotentials from Pacios and
Christiansen15 and the valence basis set from Stevens et al.16
commonly applied for cyclic compounds having C and N
atoms. The compact effective potential CEP-31G with
double-zeta splitting on the valence was used for the zinc
atom, while for hydrogen atoms and the Mu adduct, the
3-21G and the 6-31G basis sets were taken for the ge-
ometry and the hyperfine computations, respectively. Geom-
etry optimizations under the B3LYP electron exchange-
correlation functional starting with initial geometries for the
Pc molecule taken from x-ray diffraction literature values17,18
were performed for hydrogen adducts at positions I, II, and a
through d shown in Fig. 1. The hyperfine interaction values
of the optimized hydrogen adducts were then computed with
the B3PW91 functional instead of B3LYP, since the former
is known to give better results on this type of task.19,20 Those
values were scaled to muonium hyperfine interaction values
by the proton and muon gyromagnetic ratios.
From all the addition sites examined under standard con-
vergence criteria, only sites I and II are stable both in ZnPc
and H2Pc, with configuration I having a higher hyperfine
interaction than configuration II Table II. Comparing these
results with the experimental ones, we assign states I and II
TABLE I. Summary of the experimental results for the different
paramagnetic states found in ZnPc and H2Pc. For states I and II in
ZnPc, the hyperfine interaction A0 at T=0 K, see Eq. 1, is given;
for all other states, the values were taken directly from the 300 K
fits. Average values over the entire measured temperature range for
the Lorentzian linewidths and formation probabilities are also
given.
State
A
MHz

MHz
Population
%
ZnPc
I 1511 0.73 133
II 1271 1.74 143
III 202 53 287
IV 1.13 2310
H2Pc
I/II 1121 1.04 52
III 263 83 7918
IV 0.62 42
FIG. 7. SR time spectrum of CuPc in transverse field geometry
at 0.3 T, 200 K. The solid line is a fit with a single frequency
muon spin precession in the external field but two different relax-
ation rates, 0.2 and 21 s−1, respectively.
FIG. 8. Transverse field relaxation rates upper part and the
corresponding asymmetry fractions lower part as a function of
temperature for the fast closed circles and slow open circles
components of the signal observed in CuPc.
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to Mu addition at sites I and II, respectively, although the
computed hyperfine interactions are about a factor of 2
higher than the experimental ones. Such a large discrepancy
may be due to the stacking of Pc molecules in the solid
state,17,18 which favors electron delocalization caused by
high -orbital overlapping. The calculated formation energy
of state I is lower than that of state II, but since the experi-
mental populations of states I and II in ZnPc are approxi-
mately constant at all temperatures, the initial formation of
these states must be more guided by the geometric capture
radius than by the potential well depth.
The temperature dependence of the hyperfine interactions
of states I and II in ZnPc Fig. 4 shows approximately the
same activation energy for the two states, suggesting they
couple to the same kind of molecular vibrations at around
355 cm−1 =44 meV. It is known from studies with muoni-
ated cyclohexadienyl radicals21 that the temperature depen-
dence of the radical’s hyperfine interaction is mainly due to
coupling with wagging modes of the CHMu group, which
fall in this same frequency region. The assignment of states I
and II to muon attachment at the outer benzene rings is con-
sistent with this interpretation, as the formation of such
CHMu groups is possible at those sites.
Regarding state III, the muon must reside on a site of low
unpaired spin density. Although the geometry calculations
were not able to find any stable positions from sites a–d, the
molecular stacking of solid state may stabilize some of them.
Site c appears to be the best candidate for the location of
state III, as relaxation of neighboring atoms would be
smaller. Another argument adding to this assignment is that
the bridging nitrogen atom on that site has a lone pair pro-
jected outwards from the molecule. This would favor the
anchoring of muonium to that nitrogen in a dative-bond way,
leaving the conjugated structure of the inner carbon-nitrogen
ring untouched and a nearby unpaired electron. Since the
lowest unoccupied molecular orbital LUMO of phthalocya-
nines is predominantly made up from atomic orbitals belong-
ing to that ring,22,23 the lingering electron would assume a
spatial configuration similar to the LUMO and become more
delocalized than in the cases of states I or II.
C. Diamagnetic states: CuPc
CuPc has a peculiar electronic structure which may ex-
plain why two diamagneticlike muon signals with such dif-
ferent relaxation rates are observed in this compound. The
molecule has a lone electron on a half-occupied level posi-
tioned in the middle of the HOMO-LUMO gap, correspond-
ing mainly to a 3dx2−y2 character orbital originated from the
Cu atom.22 When an extra electron is added to the molecule,
forming the CuPc− ion, it is energetically more favorable to
deposit it directly into the LUMO than pairing it with the
lone Cu electron in the 3d orbital. Theoretical calculations
predict that the configuration having both electrons in the
Cu 3d orbital is in fact the first excited state of the CuPc−
ion, the ground state being formed with one electron in the
Cu 3d orbital and one in the LUMO of the Pc molecule.23
We attribute the two observed muon signal components in
muoniated CuPc molecules to the formation of these two
configurations, the 3d1LUMO1 ground state and the 3d2
first excited state, by the lone Cu electron and the muonium’s
electron. In spin terms, the two electrons always pair, form-
ing an S=0 spin state independently of the spatial configu-
ration.
For the 3d2 configuration excited state, the spatial
wave functions of the two electrons are identical, centered on
the Cu atom and away from the muon sites which we as-
sume to be similar to those in ZnPc and H2Pc. No unpaired
spin will persist at the muon’s site, leaving it in a purely
diamagnetic environment. The slow relaxing component
originates thus in this interpretation from the full pairing of
the two electrons in the 3d2 configuration, the nonzero re-
laxation probably arising from dipolar broadening due to
nearby protons.
On the other hand, for the 3d1LUMO1 configuration
ground state, a residual hyperfine field at the muon exists as
a result of the up-down spin imbalance caused by the differ-
ent layout of the two spatial wave functions. This produces
the strongly relaxing component of the muon precession sig-
nal if exchange or spin-flip dynamics between the two elec-
trons operates fast enough to collapse the expected frequency
line pair into a diamagneticlike signal.
Finally, the parallel spin-coupling of the lone Cu electron
and the radical’s electron, giving rise to a S=1 triplet state,
should also be considered. It is unlikely that such a state
would live long enough to be identified with one of the two
SR components considered here, in particular since both
signals are seen at all temperatures up to 600 K. Neverthe-
less, it is well possible that the missing fraction observed at
low temperature might be the consequence of an unresolved
spin precursor state of that type.
V. CONCLUSIONS
Detailed information about muon states in undoped phtha-
locyanine compounds has been obtained in this study. Addi-
tion of muonium to the nonmagnetic central atom ZnPc and
metal-free H2Pc phthalocyanine molecules produces three
well-identified muoniated radical states, analogous to hydro-
genated radicals. Two of the states, labeled I and II, have
TABLE II. Relative formation energies Ecalc and contact hy-
perfine interactions Acalc for the calculated stable muon addition
sites in ZnPc and H2Pc. The experimentally observed states I and II
are assigned to sites I and II in Fig. 1. Experimental values stated in
Table I for their hyperfine interactions Aexp are also shown for
comparison.
Site
Ecalc
meV
Acalc
MHz
Aexp
MHz Aexp/Acalc
ZnPc
I 0 279 1511 0.54
II +186 274 1271 0.46
H2Pc
I 0 273 1121 0.41
II +77 262 1121 0.43
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hyperfine interactions in the range 110–150 MHz. The states
were assigned to muon addition at the outer benzene rings
through ancillary electronic structure calculations, and their
hyperfine interactions are seen to couple with vibrational
modes of the muoniated benzene rings. The third one, having
a smaller hyperfine interaction of about 25 MHz, is tenta-
tively assigned to Mu anchoring at a bridging nitrogen. The
measured small hyperfine interactions relative to the vacuum
value Avacuum=4.46 GHz indicate a strong electron transfer
to the molecule for all states, leaving between 4 and 1% of
the electron density at the muon sites.
In the magnetic central atom CuPc phthalocyanine, two
diamagneticlike components with relaxation rates differing
in about two orders of magnitude were identified. CuPc has a
lone electron which pairs with the muonium radical electron;
the two lowest energy configurations for this coupling relate
directly with the muon signal components, one producing a
purely diamagnetic environment for the muon the slow re-
laxing component and the other creating a configuration of
quickly fluctuating unpaired spin density at the muon re-
sponsible for the fast relaxing component.
The information gathered in this work is expected to con-
tribute to the study of undoped and doped phthalocyanines
using the muon as a local probe, since any quantitative study
of local charge-carrier transport needs basic information on
the electronic structure of the muon states formed.
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